Raman spectroscopy, cathodoluminescence imaging, and electron backscatter diffraction have been used to characterize the GaN nanorods as compared to their supporting matrix. The nanorods are strain free, distinguished from the mechanically and thermally stressed matrix that bears the brunt of all lattice mismatch and thermal strain, strain relaxation, and the related defect generation. This thus allows the loosely attached nanorods to grow to measurable perfection in electronic and crystal structures. The nanorods are crystallographically aligned with the matrix as well as the substrate. Wurtize GaN can be alloyed with In and Al to engineer energy band gaps covering the entire solar spectrum that includes the visible range. This makes it one of the most sought after color-generating and solar energy-converting materials.
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1-3 When it is fabricated into nanostructures, one can envisage from such tunable band gaps many new quantum-device possibilities. [4] [5] [6] Among various nanostructures, the GaN nanorod is particularly interesting for its crystallographic alignment to many industrial substrate materials and high length-to-diameter aspect ratio. Its existence in an orderly array, furthermore, is in sharp contrast to the entangled nanowire structures observed in materials grown with metal-particle seeds. 4 In this letter, we focused mainly on the crystallographic and microstructural characterizations of GaN nanorods and their surrounding matrix. Microstructural imperfections and strain states of the nanorods were studied at length with respect to the matrix areas because structural defects can greatly limit electronic or optoelectronic device performance. The growth of GaN film by nitrogen plasma enhanced molecular beam epitaxy and studies on the mechanism of GaN nanorods formation have both been reported earlier. 7, 8 The nanorods are scattered all around the sample and sometimes are clustered in bundles covering an area larger than ϳ1 ϫ 1 m 2 , with the lateral dimensions of each individual nanorod ranging from ϳ10 to 100 nm, and longitudinal dimensions from ϳ0.6 to 0.8 m above the film surface are shown. The full lengths of the nanorods are ϳ2.4-2.6 m, giving an aspect ratio of 20-250. To better distinguish the nanorods from the matrix areas for the sake of micro-Raman and focused electron beam analysis, we selected regions highly populated with nanorods for measurements. Mechanically being loosely attached to their supporting matrix, the nanorods are expected to experience a stress field different from that of the matrix. The observed remnant stress in the matrix area is attributed to the mismatches of lattice and thermal expansion coefficients. Since lattice mismatch strain and its subsequent relaxation process are known to be a main driving force for the formation of vacancies, interstitial defects, and dislocations in the material, we believe the matrix regions have borne the brunt of most structural imperfections, quite distinct from the nanorod regions that are effectively detached and hence allowed to grow to measurable perfection. To verify these assertions, we first present in what follows the Raman spectroscopic characterizations of the strain field, and then show the spatially resolved cathodoluminescence ͑CL͒ imaging and electron backscatter diffraction ͑EBSD͒ data, both obtained using a scanning electron microscope over various parts of the samples.
Micro-Raman spectrometry was performed using the 632.8 nm line of a He-Ne laser focused through an 100ϫ objective into a spot of 1 m in diameter. For this objective lens and laser wavelength, the depth of focus is estimated to be Ͼ2 m and therefore the Raman signals emitted from the 1.8 m thick GaN film are inevitably superimposed with those from Si substrate near the GaN / Si interface. Raman spectra were collected separately from both the nanorodclustered areas, as shown in Fig. 1 , and the matrix area where nanorods are scarce ͑used herein as a control͒ with z͑xx͒z គ backward scattering configuration, where z and z គ are the directions of incident and scattered light while xx denotes the polarizations of the incident ͑x͒ and scattered lights ͑also x͒, with z and z គ ʈ ͓0001͔ GaN or ͓111͔ Si .
The nanorod-abundant regions are largely strain free as compared to the matrix region of no nanorods. Indeed, the Raman data of Fig. 2 show that the GaN E 2 ͑high͒ mode is at a͒ Electronic mail: hseo@uh.edu b͒ Author to whom correspondence should be addressed; electronic mail: qchen@uh.edu 567.7 cm −1 for the nanorod-abundant areas as compared to 566 cm −1 for the matrix areas, both in reference to a bulk material's 567.7± 0.5 cm −1 . The 1.7 cm −1 redshift infers a tensile stress by about 0.5 GPa in the matrix areas. [9] [10] [11] [12] This strain state can be either from the remnant ͑viz., incompletely relaxed͒ lattice mismatch or residual thermal stress. We observe that the 566 cm −1 peak contains a component of the strain-free 567.7 cm −1 peak, as judged by its broadness. This being truly the case, then the matrix area must comprise a spatial region of tensile strain ͑in the buffer layer͒ and a region that is strain free ͑in the upper part of the film͒.
The spatially resolved CL ͑right panel, Fig. 3͒ and secondary electron ͑SE͒ ͑left panel, Fig. 3͒ images were obtained using a 15 keV electron beam at room temperature. The CL images of the nanorod ͑dark area͒ and nanotrench ͑bright area͒ in the visible spectral range then suggest that the nanorods indeed contain no measurable luminescent defect states, but what surrounds it, viz., the nanotrench, truly contains more defective luminescent centers. Using a series of optical filters at ϳ475 nm ͑blue͒, ϳ510 nm ͑green͒, ϳ570 nm ͑yellow͒, and ϳ650 nm ͑red͒, we observed that the defect states were either in the nanotrenches or their vicinity in the matrix areas where the signatures of broadband yellow luminescence were found, as judged from the similarity of the CL images in all four colors. This broadband luminescence, centered around the yellow color, is generally believed to arise from the existence of Ga vacancy ͑V Ga ͒ in an n-type GaN material because V Ga introduces deep accepter levels at 0.8-1 eV above the valence band edge, which provide the necessary passages for donor-accepter optical transitions.
1,13,14 Our earlier photoluminescence results also support this argument because the nanorod areas had shown no signs of radiative transition. 8 From the inhomogeneous gray level contrast of the CL images, we envision that the matrix area contains a large amount of nonuniformly distributed structural imperfections. Cross-sectional transmission electron microscopy ͑TEM͒ using focused ion beam milling in sample preparation was able to locate single GaN nanorods and indeed showed that the nanorods are mostly free from structural imperfections, although there were some contours of mechanical bending on the nanorods whose interiors appeared to be much less defective. 15, 16 The CL data suggest that these surface defects are not part of the luminescent centers. Note that, in the nanorods, while stacking faults were sometimes present, no threading dislocations have ever been observed. All told, the defective matrix areas thus must have borne the brunt of all strain generation and relaxation, giving the nanorods an essentially strain-free environment to simultaneously grow to near-perfection.
We have studied the crystallographic orientations and epitaxial quality of the matrix areas and the nanorods by EBSD measurement ͑Fig. 4͒ based on Kikuchi pattern recognition. To be sure, this electron analytical technique is still evolving and definitely has room for improvement on the resolving power. In comparison to that conducted in the TEM setting, the Kikuchi pattern formation and the associated data analysis in the EBSD is still an evolving scientific research subject. However, there is little doubt of its use in identifying crystallographic orientations of nanodomains. Despite the ubiquitous point defects throughout the matrix regions, as suggested by the CL study described above, speaking overall the samples are of good epitaxial quality, well-aligned to the Si͑111͒ substrates.
In order to maximize the Kikuchi pattern formation, the 20 keV incident electron beams, with a nominal spot size less than ϳ50 nm, was tilted 70°away from the sample surface normal to increase the incident electrons' effective interaction volume with the sample. Though a much smaller electron beam spot size of 2 -5 nm is achievable on the fieldemission scanning electron microscopy ͑SEM͒ for real-space imaging, 50 nm was adopted in the present work for the EBSD as a compromise with the data-collection time, mechanical vibration, and beam current stability to acquire the best pattern quality without subjecting the sample to extensive electron irradiation. The spatial resolving powers of EBSD are largely limited by the beam spot size and by the volume of electron-solid interactions within the probed region. While directly probing a single nanorod smaller than 50 nm is difficult, those spatial regions of 1 -2 mគ in diameter that are populated with closely aggregated nanorods bundles can indeed be accurately measured by the EBSD method. Figure 4 shows that the nanorods are epitaxially aligned to the Si substrate as well as to the GaN matrix, with the rod axis parallel to ͗0001͘ of the matrix area. In addition, the close-packed ͗2110͘ axis for both the nanorods, nanotrenches, and matrix regions are all parallel to the ͗110͘ close-packed direction of the ͕111͖ oriented cubic Si. This is very interesting considering that the nanorods are physically separated from the matrix volume, a suggestion of molecular forces exerted by the surrounding GaN matrix that holds the nanorods in good alignment.
In summary, Raman spectroscopy, EBSD, together with scanning electron microscopy in SEI and CLI modes confirm that wurtzite GaN nanorods grow epitaxially on Si͑111͒ substrates and are strain free with buffer layers bearing much of the remnant stress. The reduced number of defects in the nanorods is an important feature for practical applications because structural imperfections cause yellow luminescence and are among the most common reasons why electronic or optoelectronic devices fail. In addition, well aligned crystallographic orientation of nanorods could also be exploited through the anisotropy of nanostructures in luminescence, refraction, and dielectric functions, among many other physical properties. 17, 18 The outstanding structural integrity and perfection accompanied by the high aspect ratio of 20-250 may find applications in vacuum nanoelectronic devices complementary to the carbon nanotubes that have demonstrated adequate field emission efficiency. 19 In these efforts, the carbon nanotube bundles were fabricated into periodic array and showed reasonably high electron emission current, although the operating voltages remain at a level of many hundred volts to reach large tunneling current. GaN nanorod bundles can also be fabricated by self-implantation of Si ions into the Si substrates to form periodic arrays. 20 As electron emission is a surface-limiting phenomenon we anticipate the surface of a semiconducting GaN nanorod to be more susceptible to chemical modifications. It is in this sense that we hope the electron affinity and hence the operating voltage may be lowered by, for instance, surface activation with cesium, much like what has been done on GaAs. Moreover, the GaN nanorods may also be grown in multilayers by selective doping or alloying which creates a quantum well in the axial direction in addition to the possible quantum confinements in lateral dimensions when the sizes of the nanorods are made small enough. 
